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(54) OFETs with active channels formed of densified layers 



(57) The present invention provides apparatus and 
a method of fabricating the apparatus. The apparatus 
includes a substrate having a surface and an organic 
field-effect transistor (OFET) located adjacent the sur- 
face of the substrate. The OFET comprising a gate, a 

FIG. 1 



channel, a source electrode, and a drain electrode. The 
channel comprises a densified layer of organic mole- 
cules with conjugated multiple bonds, axes of the organ- 
ic molecules being oriented substantially normal to the 
surface. 
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Description 

TECHNICAL FIELD OF THE INVENTION 

[0001] The present invention is directed, in general, 
to a method of manufacturing organic field effect tran- 
sistors (OFET) and, more specifically, to methods of 
manufacturing OFETS having high mobility channels 
and the resulting OFET structure. 

BACKGROUND OF THE INVENTION 

[0002] There is an increasing interest in the use of or- 
ganic field effect transistors (OFET) where an active 
channel of the transistor is made from an organic mate- 
rial. To be useful, the organic material must be capable 
of supporting a channel of holes or electrons when the 
device is switched on by applying a voltage to a gate 
associated with the channel. Moreover, the carrier or 
field effect mobility of the organic material must be suf- 
ficient to facilitate a large increase in conductivity be- 
tween the source and drain when the device is on versus 
off. 

[0003] The active channel in conventional OFETs is 
composed of organic molecules, such as polymers or 
oligomers, having conjugated bonds. For instance, 
overlap between pi-orbitals of adjacent organic mole- 
cules allows the channel to be conductive. In some cas- 
es, doping, by either removing (via oxidation) or insert- 
ing (via reduction) electrons into the organic molecule, 
can improve their conductivity. Approaches to improve 
the carrier mobility of the channel include hydrogen 
bonding columnar stacks of organic molecules together 
and preparing alignment layers for organic molecules 
on the substrate. Nevertheless, existing OFETs contin- 
ue to have channel regions with low carrier mobility and 
hence poor sensitivity, due in part, because of the small 
difference in the drain current in the "on" versus "off" 
state. 

[0004] Accordingly the present invention overcomes 
the disadvantages associated with prior art devices by 
providing an OFET having a channel whose carrier mo- 
bility is higher than previous OFETs and a method for 
the fabrication of such a device. 

SUMMARY OF THE INVENTION 

[0005] The present invention recognizes that the car- 
rier mobility of the channel of existing OFETs is low be- 
cause the density and the uniformity of linear organic 
molecules packed in the channel are inadequate. In- 
creasing the density and uniformity of the organic mol- 
ecules in the channel improves the carrier mobility of the 
channel. This, in turn, increases the conductivity of the 
channel and allows the manufacture of OFET devices 
with improved sensitivity. 

[0006] One embodiment of the present invention pro- 
vides an apparatus. The apparatus comprises a sub- 



strate having a surface and an organic field-effect tran- 
sistor located adjacent the surface of the substrate. The 
transistor comprises a gate, a channel, a source elec- 
trode, and a drain electrode. The channel includes a 
5 densified layer of organic molecules with conjugated 
multiple bonds, axes of the organic molecules being ori- 
ented substantially normal to the surface. 
[0007] In another embodiment, the invention further 
provides a method of making the organic field-effect 
10 transistor. The method provides a substrate and forms 
a channel for an organic field-effect transistor. Forming 
the channel includes expanding the substrate from an 
original configuration to increase a dimension of the 
substrate to an expanded dimension. A layer of organic 
molecules with conjugated multiple bonds is formed on 
the substrate while in the expanded dimension. The 
substrate is returned to substantially the original config- 
uration. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0008] The invention is best understood from the fol- 
lowing detailed description, when read with the accom- 
panying FIGURES. Various features may not be drawn 
to scale and may be arbitrarily increased or reduced for 
clarity of discussion. Reference is now made to the fol- 
lowing descriptions taken in conjunction with the accom- 
panying drawings, in which: 

FIGURE 1 schematically illustrates a detailed sec- 
tional view of an apparatus of the present invention ; 
FIGURES 2A to 2G schematically illustrate detailed 
sectional views of a method of the present invention 
at selected stages of the method; and 
FIGURES 3A to 3C schematically illustrate detailed 
sectional views of an alternative method of the 
present invention at selected stages of the alterna- 
tive method; 

DETAILED DESCRIPTION 

[0009] The present invention benefits from an under- 
standing why the channel region of existing organic 
field-effect transistors (OFETs) are inadequate. Specif- 
ically, the organic molecules of the channel have low 
packing density and are not uniformly packed. Conse- 
quently, the performance of conventioanl OFETs suffer 
because the carrier mobility of their channels are poor. 
Moreover, prior to the present invention it was not rec- 
ognized how the density or uniformity of packing of or- 
ganic molecules could be increased. This failure is due, 
in part, to the fact that the traditional substrates used in 
OFETs, such as silicon or various plastics, are inelastic. 
[0010] The present invention recognizes for the first 
time that the use of an elastic substrate provides a novel 
result -effective variable for increasing the density and 
uniformity of organic molecules that form the channel 
region of an OFET The term substrate as used herein 
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refers to any elastic material capable of resuming its 
original shape when a deforming or expanding force is 
removed. Forming a layer of organic molecules on the 
substrate while it is expanded allows a denser layer of 
organic molecules to form than previously obtainable. 
Moreover, the organic molecules are more densely 
packed without the need for hydrogen bonding between 
molecules to hold the molecules together. This advan- 
tageously allows a broader class of organic compounds 
to be used to form the channel. In addition to the added 
challenges in synthesizing such materials, molecules 
containing polar groups, such as H-bonding sites, tend 
to absorb moisture more readily, thereby leading to 
more rapid device failure due to corrosion and shorting. 
[0011] In addition, the compressive force associated 
with returning the substrate to its original configuration 
facilitates the alignment of the organic molecules in one 
orientation. Furthermore, the more uniform orientation 
of the organic molecules can be achieved without the 
added technical complications of preparing an align- 
ment layer on the substrate surface. Conventional align- 
ment layers typically involve a rubbed surface with 
grooves and ridges, which can disrupt charge carrier 
transport in the direction perpendicular to the rubbing 
direction. For instance, a friction-transferred Teflon™ 
alignment layer has such a low surface energy that most 
solvents can not wet this surface properly, which in turn, 
leads to non-uniformity in film formation. A denser and 
more uniformly packed layer of organic molecules is ad- 
vantageous because the charge transfer characteristics 
of the layer of organic molecules depends on the density 
and uniform orientation of the organic molecules, which 
generally each have one or more conjugated bonds, to 
form a system of conjugated bonds. The efficiency of 
charge transfer from one organic molecule to another 
increases as the distance between the conjugated 
bonding system of adjacent organic molecules is de- 
creased. 

[0012] FIGURE 1 illustrates a schematic representa- 
tion of a portion of an exemplary apparatus 100 of the 
present invention. The apparatus 100 may be used in 
any number of applications, such as biosensors, inte- 
grated circuits, displays and memory devices. The ap- 
paratus includes a substrate 105 having a surface 110, 
such as polydimethyl siloxane (PDMS) and an organic 
field-effect transistor 115 located adjacent the surface 
110 of the substrate 105. The transistor 115 comprises 
a gate 120, a channel 125, and source and drain elec- 
trodes 130, 135. The source and drain electrodes 130, 
135 are made of metal, such as gold, or conductive or- 
ganic polymer. The gate 120 includes a gate electrode 
140 also can be made of gold, and a gate dielectric 145 
composed of silicon or aluminum oxide. Other configu- 
rations of the OFET 115, well known to those of ordinary 
skill in the art, are within the scope of the present inven- 
tion. 

[0013] The channel 125 comprises a densified layer 
of organic molecules with conjugated multiple bonds 



150, such as sexithiophene. Preferably, the long axes 
of the organic molecules 155 are oriented substantially 
normal (e.g., about 90 degrees) to the substrate's sur- 
face 110. Of course, in other advantageous embodi- 
5 ments, a short axes 157 could be oriented substantially 
normal (e.g., about 90 degrees) to the substrate's sur- 
face 110, 

[0014] Herein, a layer of organic molecules 1 50 is re- 
ferred to as densified if the layer 150 is physically 

10 strained parallel to the substrate-surface 110 on which 
the layer 150 is formed. In a densified layer 150, the 
strain is a force of expansion that results from an over- 
density of organic molecules. A densified layer 150 has 
a strain, because the molecular over-density has not re- 

15 laxed to a lower value that would be found in a bulk layer 
of the same composition. The densified layer 150 is too 
thin for complete relaxation of the strain, which is caused 
by the over-density of molecules at the substrate-sur- 
face. One way to form a densified layer of molecules 

20 150 involves depositing the molecules on a stretched 
substrate 105 and then, allowing the substrate 105 to 
unstretch. Such a process can produce an over-density 
of molecules that would not have occurred if the layer 
had been formed directly on an unstretched substrate. 

25 [0015] Preferably, the densified layer of organic mol- 
ecules 1 50 has a surface density of at least about 7 mol- 
ecules/nm 2 . It is also preferable that adjacent organic 
molecules 1 60 of the densified layer 150 have an aver- 
age separation distance 1 65 of less than about 3.8 Ang- 

30 stroms, and more preferably, less than about 3.5 Ang- 
stroms. For adjacent organic molecules 1 60 having con- 
jugated pi bonds, the average separation distance 165 
refers to the distance between the pi bonds. 
[0016] As noted above, it is advantageous for the or- 

35 ganic molecules of the densified layer 1 50 to have a uni- 
form orientation because this improves charge mobility. 
A uniform orientation is indicated by the polarization ra- 
tio of greater than about one. The polarization ratio is 
defined as the ratio of transmitted light of one polariza- 

40 tion to transmitted light with a perpendicular polariza- 
tion. Polarization optical spectroscopy procedures for 
measuring the polarization ratio are well known to those 
skilled in the art, and therefore need not be described 
here. See e.g., Chen, X. L., Lovinger, A. J., era/., J., 

45 Chem. Mater. 13, 1341 (2001); Xue, G., era/., Langmuir 
16, 1834 (2000); Amundson, K.R., era/. Thin Solid Film 
414, 143 (2002); Sirringhaus H., efa/., Appl. Phys. Lett. 
77, 406 (2002), which are incorporated by reference 
herein in their entirety. 

50 [0017] Preferably, the polarization ratio of the densi- 
fied layer of organic molecules 150 is greater than about 
one, and even more preferably greater than about 2. 
Even more preferably, a direction of uniform orientation 
of the densified layer of organic molecules 150 is sub- 

55 stantially coincident in a direction of current flow 1 70 be- 
tween the source and drain electrodes 130, 135. In 
some embodiments, however, the current flow 170 per- 
pendicular to the expanded direction can also have a 
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higher charge carrier mobility, and therefore it is desir- 
able to arrange the drain and source electrodes 130, 
135, accordingly. 

[001 8] Numerous alternative embodiments of the ap- 
paratus 1 00 are within the scope of the present inven- 
tion. The substrate 105 is preferably an elastomer that 
can be expanded to at least three times its original 
length and, once the exerted expanding force is re- 
leased, the substrate 105 returns to substantially (e.g., 
within about 1 0 percent) its original length. Examples of 
suitable elastomers include polyisoprene, polybutadi- 
ene, polychloroprene, poly(ethylacrylate), polybutyl- 
methacrylate or silicon rubbers. Preferred silicon rub- 
bers include alkyl-substituted polysiloxanes such as 
PDMS. Preferably, the elastomeric substrate 1 05 has a 
glass transition temperature (T G ) of less than about 
300°C and more preferably, less than about 23°C. 
[0019] In some advantageous embodiments of the 
apparatus 100, the organic molecules of the densified 
layer 150 have a conjugated pi system of bonds, al- 
though any semiconductive materials of organic mole- 
cules are within the scope of the present invention. Pref- 
erably, the organic molecules of the densified layer of 
150 have an ordered crystalline or polycrystalline struc- 
ture. The organic molecules can be any carbon contain- 
ing compounds capable of forming a semiconducting 
densified layer 150. In some embodiments, the densi- 
fied layer 150 is substantially free of organic molecules 
having chemical groups capable of hydrogen-bonding 
between adjacent organic molecules 160. 
[0020] Preferably, the densified layer 150 has a field 
effect mobility of greater than about 10* 4 cm 2 V" 1 s* 1 . 
Even more preferably, the densified layer 1 50 has a field 
effect mobility of greater than about 10" 2 cm 2 V* 1 s* 1 , 
such as that provided by molecules having a conjugated 
pi system, as exemplified by poly- or oligothiophenes 
such as alpha-sexithiophene. In other advantageous 
embodiments, a ratio of the drain current of the OFET 
115 when a voltage is applied to the gate 120, versus 
no applied gate voltage, is at least about 10:1 . For ex- 
ample, when the gate voltage of -100 V is applied for a 
p-channel organic semiconductor, the conductivity from 
source to drain 1 30, 1 35, in the densified layer 1 50, that 
is within about 50 Angstroms of an interface 172 be- 
tween the gate dielectric 145 and densified layer 150, is 
at least about 1 0 6 S cm* 1 . 

[0021] Preferred organic molecules of the densified 
layer 150 include polythiophene and oligothiophene. 
For the purposes of the present invention, an oligothi- 
ophene has between 2 and 100 repeating units of thi- 
ophene while polythiophene has greater than 100 re- 
peating units of thiophene. Other semiconductive or- 
ganic compounds, however, are also within the scope 
of the present invention. Nonlimiting examples include 
oligophenyl or polyphenyl compounds. The organic mol- 
ecule of the densified layer 1 50 may also comprise com- 
binations of different benzoid aromatic ring structures 
like benzene, napthalene or anthracene rings coupled 



to each other such as pentacene, nonbenzoid aromatic 
rings, heterocyfic rings, such as thiophene, or copoly- 
mers of these structures, such as copoly(bithiophene- 
fluorene). 

5 [0022] Some preferred organic molecules of the den- 
sified layer 150 have substantially coplanar aromatic 
groups, as this facilitates denser and more uniform 
packing. The term substantially coplanar aromatic 
groups refers to at least two adjacent aromatic groups 

10 jn an organic molecule having a twist angle of less than 
about 23 degrees between aromatic groups. For exam- 
ple, adjacent thiophene rings in alpha-sexithiophene 
have a twist angle of about 10 degrees, and therefore 
the thiophene rings are considered to be substantially 

15 coplanar. In contrast, the two fused benzene rings in a 
biphenyl structure have a twist angle of about 23 de- 
grees, and therefore the benzene rings are not coplanar. 
[0023] In some preferred embodiments, the organic 
molecules of the densified layer 150 are linear organic 

20 molecules because this also facilitates denser and more 
uniform packing. Examples of linear organic molecules 
include polythiophenes, oligothiophenes such as alpha- 
sexithiophene, or derivatives of thiophenes, such as co- 
poly(bithiophenefiuorene). In other embodiments, how- 

25 ever, branched organic molecules or molecules with 
sidechains, such as oligothiophenes with alkyl chain 
substituted at the 3-positions of thiophenes, can be 
used. 

[0024] The densified layer 1 50 may comprise a single 

30 molecular layer of the organic molecules or multiple lay- 
ers of organic molecules. The densified layer 150 can 
have a thickness 175 of about 20 Angstroms or more. 
In some preferred embodiments, the densified layer 150 
has a thickness 175 between about 2 and about 100 

35 Angstroms. In certain embodiments, a thickness of less 
than about 5 Angstroms is preferred because the carri- 
ers are confined mostly within a channel that is within 
50 Angstroms from the gate dielectric surface. 
[0025] In some embodiments of the apparatus 100, it 

40 is preferable to covalently bond the organic molecules 
of the densified layer 150 to the substrate surface 110. 
Covalent attachment to the substrate 1 05 facilitates the 
production of a denser, more uniform layer 1 50. In some 
instances, the substrate surface 1 1 0 is functionalized to 

4 5 promote covalent attachment of organic molecules of 
the densified layer 150 to the substrate surface 110, as 
further described below. In such embodiments, it is ad- 
vantageous to also functionalize the organic molecules 
of the densified layer 1 50 with trichlorosilanes or meth- 

50 yoxysilanes to facilitate covalent bonding to the 
stretched substrate. In other embodiments, however, 
the organic molecules of the densified layer 1 50 are sim- 
ply deposited on the substrate surface without covalent 
attachment to the substrate 105. 

55 [0026] FIGURES 2A to 2G illustrate selected steps in 
an exemplary method of the present invention to form 
an OFET device 200. Turning first to FIGURE 2A, the 
method includes providing a substrate 205 comprising, 
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for example, PDMS or other materials as described 
above. Referring now to FIGURE 2B, illustrated is the 
formation of source and drain electrodes 210, 215 over 
the substrate 205. Metal source and drain electrodes 
210, 215, can be made of materials such as gold, silver, 
platinum, and palladium. Such materials can be depos- 
ited by conventional techniques like vacuum deposition, 
thermal evaporation or electron beam evaporation, fol- 
lowed by patterning via conventional lithographic proc- 
esses to define the electrode structures 210, 215. Alter- 
natively, source and drain electrodes 210, 215 can be 
made of conducting polymers, such as polyanilines or 
polythiophene, that can be doped to increase conduc- 
tivity, or conductive ink, comprised of graphite and con- 
ducting polymers. Conventional techniques, such as ink 
jet printing, screen printing, or molding, can be used to 
form these source and drain electrode structures 210, 
215. 

[0027] Referring now to FIGURE 2C, the substrate 
205 is expanded from its original configuration, such as 
shown in FIGURE 2A and 2B, to increase at least one 
dimension of the substrate 205 to an expanded dimen- 
sion 220. For instance, the substrate can be expanded 
by at least about 10 percent, and more preferably, at 
least about 50 percent, as compared to its original con- 
figuration. The substrate 205 can be expanded by heat- 
ing at least a portion of the substrate 205. As well-un- 
derstood by those skilled in the art, certain materials 
suitable for use as a substrate 205 have large thermal 
expansion coefficients, and therefore, will expand upon 
heating. Alternatively, the whole substrate 205 can be 
heated, in which case, all three dimensions of the sub- 
strate 205 can be expanded simultaneously. Other 
methods can be used to expand the substrate. For ex- 
ample, certain substrates 205, such as PDMS, can be 
soaked in a solvent, such as hexane, to swell the sub- 
strate 205 in volume by about 100 percent or more. 
Alternatively, the substrate 205 can be expanded by me- 
chanically stretching a portion of the substrate 205 in 
the expanded dimension 220. Of course, the substrate 
205 can be stretched in one, two or three dimensions. 
In some preferred embodiments, however, it is desirable 
to the stretch the substrate in one dimension 220, that 
is lateral to the long axes 155 of the organic molecules 
shown in FIGURE 1 . In some embodiments, for instance 
the substrate is stretched in a dimension 220 that is sub- 
stantially coincident with a direction of intended current 
flow 225 between the source and drain electrodes 210, 
215. Stretching in substantially the same direction as the 
intended current flow 225 advantageously facilitates the 
formation of a densified layer of organic molecules, with 
closer pi-pi bonding stacking, for example, as further 
discussed below. Alternatively, in other preferred em- 
bodiments, it Is desirable to stretch the substrate lateral 
to the long axes 155 of the organic molecules and per- 
pendicular to the direction of intended current flow 225 
(arrow 227 coming out of the plane of the cross-section 
depicted in FIGURE 2C). Stretching in substantially the 



perpendicular direction 227 as the intended current flow 
225 is advantageous because of the more uniform ori- 
entation of the densified layer of organic molecules, 
which in turn, provides a higher charge carrier mobility 
5 in the current flow direction 225. If the substrate 205 has 
a T G of less than about 23°C, then stretching can be 
performed at room temperature. Alternatively, the sub- 
strate 205 can be heated to above its T G , before stretch- 
ing. 

10 [0028] Next, as illustrated in FIGURE 2D, a surface of 
the substrate 230 is modified to change the substrate's 
surface properties. Surface modification can advanta- 
geously promote the growth of the organic molecules 
on the substrate surface 230, and in some cases, facil- 

'5 itate the covalent bonding of organic molecules to the 
substrate 205, as discussed below. A modified surface 
can also promote the formation of a uniform layer of or- 
ganic molecules via epitaxial growth of a self-assem- 
bling layer of organic molecules. As an example of sur- 

20 face modification, a PDMS substrate surface 230 can 
be altered to have silanol groups (-SiOH) 235, by expo- 
sure to an oxygen plasma, represented by arrows 240, 
for 1-2 seconds in a reactive ion etcher (Plama-Therm, 
Inc.) with a flow rate of 30 seem and a pressure of 30 

25 rnTorr at 100 V. In other embodiments of the method, 
however, the substrate surface 230 Is not modified. 
[0029] Turning now to FIGURE 2E, illustrated is the 
formation of a layer of organic molecules having conju- 
gated multiple bonds 245 on the substrate 205 while the 

30 substrate is in the expanded dimension 220. In the illus- 
trated method, one end of the organic molecules 250 
are covalently bonded to the substrate 205. Covalent 
bonding advantageously promotes the formation of a 
more densely and uniformly packed layer of organic 

35 molecules 245. 

[0030] Consider, for example, the above-described 
PDMS substrate 205 whose surface 230 is modified with 
silanol groups 235. A trichlorosilane- and vinyl-terminat- 
ed linker molecule 255, such as tetradecyl-1-enyl 

40 trichlorosilane, is covalently attached to the silanol 
groups 235. The vinyl groups are then oxidized by 
chemically generated ozone to carboxyl-groups. The 
carboxyl groups are then reacted with alcohol-terminat- 
ed organic molecules 245 via an esterification reaction 

45 to covalently attach the organic molecules 245 to the 
substrate 205. 

[0031 ] Of course, other methods, well known to those 
skilled in the art, can be used to covalently attach the 
organic molecules 245 to the substrate 205. See e.g., 

50 Collet J., era/. , Appl. Phys. Lett. 76, 1339 (2000), which 
is incorporated by reference herein in its entirety. In oth- 
er embodiments of the method, however, the organic 
molecules 245 are simply deposited on the modified or 
unmodified substrate 205 without covalent attachment, 

55 via vapor phase or solution deposition or other conven- 
tional processes. Although this approach has the advan- 
tage of requiring fewer processing steps than covalent 
attachment, in some case there is the potential for 
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cracks to form in the film when the stretched substrate 
205 is returned to its original configuration. 
[0032] Referring now to FIGURE 2F, illustrated is the 
device 200 after returning the substrate 205 to substan- 
tially its original configuration to form the channel region 
260. Of course, one skilled in the art understands that 
the substrate 205 may not return to exactly the same 
dimensions it had before surface modification or cova- 
lently attaching the organic molecules 245 to the sub- 
strate's surface 230. For instance, the portion of the sub- 
strate 205 that is expanded in one or more dimension 
220, after being relaxed, can vary from its original con- 
figuration by up to about 10 percent. 
[0033] In some preferred embodiments, it is advanta- 
geous to return the substrate 205 to substantially the 
original configuration by relaxing the expanded dimen- 
sion 220 in one direction 265. The compressive force 
associated with relaxing the substrate 205 in one direc- 
tion 265 promotes a more densified or uniform organi- 
zation of the organic molecules 245 in the same direc- 
tion 265 as the compressive force. Even more prefera- 
bly, relaxation to the original configuration is done in a 
direction 265 substantially coincident with a direction of 
current flow 225 between the source and drain elec- 
trodes 210, 215, as this improves the carrier mobility of 
the channel 260. 

[0034] In certain preferred embodiments of the meth- 
od, the OFET device 200 has a channel region 260 with 
a surface density of organic molecules 245 that is at 
least about 10 percent, and more preferably, at least 
about 50 percent greater than a surface density of or- 
ganic molecules that could be formed on the same sub- 
strate 205 when in an original non-expanded configura- 
tion. 

[0035] Turning now to FIGURE 2G, illustrated is the 
OFET 200 after forming a gate 270. The gate 270, com- 
prises a gate electrode 275 and gate dielectric 280. The 
gate dielectric 280 can be formed by depositing an in- 
organic layer, such as silicon oxide or aluminum oxide 
thermally evaporated over the substrate 205. Alterna- 
tively, the gate dielectric 280 can be formed by spin- 
coating insulating organic polymers or organic polymer/ 
inorganic composites, or by chemical vapor deposition 
of monomerororganicpolymers, such as poly-para-Xy- 
lylenes like parylene, on the substrate 205. As an ex- 
ample, polymers such as polyimide or polymethylmeth- 
acrylate can be deposited alone or in combination with 
titanium nanoparticles that serve to increase the dielec- 
tric constant of the gate dielectric 280. See e.g., U.S. 
Patent Application No. 10/700,651, by Howard E. Katz 
era/., filed November 4, 2003, incorporated herein in its 
entirety. The gate electrode 275 can be comprised of 
the same materials and formed using the similar proc- 
esses as described above for the source and drain elec- 
trodes 21 0, 215. Of course, the gate electrode 275 can 
be formed from different materials and by different proc- 
esses, than those used to form the source and drain 
electrodes 210, 215. 



[0036] Of course, alternative process flows of the 
method are apparent to those skilled in the art. In some 
embodiments, for instance, it is desirable to expand the 
channel region 260 before forming other components, 

5 such as the source and drain electrodes 21 0, 21 5. This 
advantageously avoids unnecessarily subjecting device 
components to stretching and relaxation forces that 
could deleteriously affect their structure or function. 
[0037] FIGURES 3A to 3C illustrate selected steps in 

10 yet another method to form an OFET device 300 accord- 
ing to the principles of the present invention. Turning first 
to FIGURE 3A, shown is a first substrate 305, upon 
which is formed a channel 31 0 of an OFET 300 that com- 
prises a densified layer of organic molecules 315 with 

15 conjugated multiple bonds. Any of the above-discussed 
methods and organic molecules can be used to form the 
channel 310. 

[0038] Referring now to FIGURE 3B, illustrated is a 
second substrate 320 upon which is formed a gate 325, 

20 a source electrode 330, and a drain electrode 335 of the 
organic field-effect transistor 300. Any of the above-dis- 
cussed methods and materials can be used to form 
these components. In some embodiments, however, the 
second substrate 320 preferably comprises an inelastic 

25 material, such as plastic or silicon. Such materials are 
advantageous because of their low cost, general avail- 
ability and familiarity of use in semiconductor device fab- 
rication. 

[0039] Forming device components such as the gate 
30 325 and source and drain electrodes 330, 335 on a sub- 
strate 320 that is not expanded has a number of bene- 
fits. Similar to that noted above for another embodiment, 
these components are not subjected stretching and re- 
laxation forces that could deleteriously affect their struc- 
35 ture or function. In addition, the fabrication of different 
device components on different substrates allows these 
fabrication steps to be performed in parallel instead of 
sequentially, thereby allowing a faster manufacturing 
process. 

40 [0040] Turning now to FIGURE 3C, illustrated is the 
device 300 after positioning the channel 310 between 
the source and drain electrode 330, 335 and proximate 
the gate 325 by coupling the first and second substrates 
305, 320 together. Any number of conventional tech- 

45 niques for laminating the first and second substrate 305, 
320 can be used. See e.g., U.S. Patent No. 6,596,569, 
incorporated by reference herein in its entirety. 
[0041] Although the present invention has been de- 
scribed in detail, those of ordinary skill in the art should 

50 understand that they can make various changes, sub- 
stitutions and alterations herein without departing from 
the scope of the invention. 
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1 . An apparatus, comprising, 
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a substrate having a surface; 
an organic field-effect transistor located adja- 
cent said surface of said substrate, said tran- 
sistor comprising a gate, a channel, a source 
electrode, and a drain electrode; and 5 

wherein said channel comprises a densified 
layer of organic molecules with conjugated multiple 
bonds, axes of said organic molecules being orient- 
ed substantially normal to said surface. 10 

2. The apparatus of claim 1, wherein said densified 
layer of organic molecules has a surface density of 
at least 7 molecules/nm 2 . 

15 

3. The apparatus of claim 1 , wherein said densified 
layer is defined by said organic molecules having 
an average separation of less than 3.8 Angstroms. 

4. The apparatus of claim 1, wherein said densified so 
layer is defined by said organic molecules having a 
uniform orientation that provides a polarization ratio 

of greater than 1 . 

5. The apparatus of claim 4, wherein said uniform ori- 25 
entation is substantially coincident in a direction of 
current flow between said source and drain elec- 
trodes. 

6. A method comprising, 30 

providing a substrate; and 

forming a channel for an organic field-effect 

transistor, comprising: 

35 

expanding said substrate from an original 
configuration to increase a dimension of 
said substrate to an expanded dimension; 
forming a layer of organic molecules with 
conjugated multiple bonds on said sub- «o 
strate while in said expanded dimension; 
and 

returning said substrate to substantially 
said original configuration. 

45 

7. The method of Claim 6, wherein said substrate is a 
first substrate, and said method further includes 
forming a gate, a source electrode, and a drain elec- 
trode of said organic field-effect transistor on a sec- 
ond substrate and positioning said channel be- 50 
tween said source and drain electrode and proxi- 
mate said gate by coupling said first and second 
substrates together. 

8. The method of claim 6, wherein said expanding 55 
comprises heating at least a portion of said sub- 
strate. 



9. The method of claim 6, wherein said expanding 
comprises mechanically stretching a portion of said 
substrate in a lateral dimension substantially coin- 
cident with a direction of current flow between said 
source and drain electrodes. 

1 0. The method of claim 6, wherein returning comprises 
relaxing said expanded dimension to substantially 
said original configuration in a direction substantial- 
ly coincident with a direction of current flow between 
said source and drain electrodes. 
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